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The single-scattering properties of randomly oriented triaxial ellipsoids with size parameters from the
Rayleigh to geometric-optics regimes are investigated. A combination of the discrete dipole approxima-
tion (DDA) technique and an improved geometric optics method (IGOM) is applied to the computation
of ellipsoidal particle scattering properties for a complete range of size parameters. Edge effect con-
tributions to the extinction and absorption efficiencies are included in the present IGOM simulation.
It is found that the extinction efficiency, single-scattering albedo, and asymmetry factor computed from
the DDA method for small size parameters smoothly transition to those computed from the IGOM
for moderate-to-large size parameters. The phase matrix elements computed from these two methods
are also quite similar when size parameters are larger than 30. Thus, the optical properties of ellipsoidal
particles can be computed by combing the DDA and the IGOM for small-to-large size parameters.
Furthermore, we also examine the applicability of the ellipsoid model to the simulation of the scatter-
ing properties of realistic aerosol particles by comparing the theoretical and experimental results for
feldspar aerosols. It is shown that the ellipsoid model is better than the commonly used spheroid model
for simulating dust particle optical properties, particularly, their polarization characteristics, realisti-

cally. © 2008 Optical Society of America
OCIS codes:

1. Introduction

The nonsphericity of airborne dustlike particles has
been widely recognized as an important factor in re-
mote sensing of the optical and microphysical proper-
ties of these particles. Especially, it has been shown
that neglecting the nonsphericity of aerosol particles
may lead to large errors in aerosol property retrieval
[1-4]. The scanning electron microscope (SEM)
images of some sampled aerosol particles [5] show
that the morphologies of these irregular particles
are very complicated. Specifically, these particles
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have small-scale structures but lack well-defined
overall shapes. In numerical modeling of the optical
properties of dust particles, it is unrealistic to ac-
count for the morphological details of these particles.
The application of simple geometries to complex par-
ticle optical property simulation has been discussed
by Macke and Mishchenko [6] and Kahnert et al. [7].
To account for the nonsphericity in many previous
studies reported in the literature, rounded dust
particles (for example, Saharan dust) are usually
assumed to be spheroids (i.e., ellipsoids of revolution)
as a first-order approximation for the overall shapes
of these particles [8-11], although some more compli-
cated particle geometries have also been considered
(e.g., [12,13]). Realistic dust aerosols are almost



exclusively irregular particles without any particu-
lar symmetry. It is shown that retrieving mineral
aerosol particle complex refractive index based on
the spheroidal model from measured scattering ma-
trices [5] always overestimates the imaginary part.
To match theoretical simulations with measure-
ments, one has to use nonphysical complex refractive
indices and shape distributions [14].

It requires one degree of freedom (i.e., particle size)
to specify the geometry of a spherical particle,
whereas two degrees of freedom (the particle maxi-
mum dimension and aspect ratio) are needed to spe-
cify the geometry of a spheroidal particle. The
dimensions of an ellipsoid along three orthogonal
axes may be different. Thus, ellipsoid geometry
has one more degree of freedom than the com-
monly-used spheroid geometry, and the former is a
better approximation to the shapes of realistic dust
particles. Ghobrial and Sharief [15] estimated that
the aspect ratios of the three axes (hereafter,
indicated by a, b, and ¢) of sandstorm particles are
approximately ¢:b6=1:0.71 and b:a =0.71:0.53.
For simplicity, in the following discussions the two
aspect ratios, ¢:6=1:0.71 and b:a =0.71:0.53,
are indicated in a concise form given by c:b:a =
1:0.71:0.53.

In this paper we investigate the single-scattering
properties of dielectric and homogeneous ellipsoidal
particles for a complete size parameter spectrum.
The analytical solution to the scattering of light by
an ellipsoid has been partially solved [16—18]. How-
ever, the analytical solution is computationally
stable only in the case of quite small particles. To
compute the single-scattering properties of ellipsoids
with size parameters required for practical remote
sensing applications, numerical methods, such as
the T-matrix [19-21], discrete dipole approximation
(DDA) [22,23], finite-difference time domain (FDTD)
[24,25], and pseudospectral time domain (PSTD)
methods [26,27] can be used for small to moderate
size parameters. For large particles, approximate ap-
proaches such as the anomalous diffraction theory
[28] and the so-called physical optics approximation
method [29] have been applied to arbitrarily oriented
ellipsoids. However, in both the approximate meth-
ods, only the angular patterns of the scattered light
associated with oriented ellipsoids have been stu-
died. For many practical applications involved in at-
mospheric radiative transfer simulation and remote
sensing, it is necessary to compute the full scattering
matrix, extinction efficiency, and single-scattering al-
bedo of randomly oriented particles. In this study, we
employ the improved geometric optics method
(IGOM) developed by Yang and Liou [30], and a
DDA code (ADDA 0.77) developed by Yurkin and
Hoekstra [23] to compute a complete set of optical
properties for large and small ellipsoidal particles,
respectively.

In the computation of the extinction and absorp-
tion efficiencies, the IGOM, which only considers re-
flection, refraction, and diffraction, underestimates

the values of the aforementioned optical quantities
because the edge effect is neglected. The edge effect
contribution to the extinction efficiency has been ex-
tensively discussed in the cases of spheres, spher-
oids, and cylinders [31-35]. Baran and Havemann
[36] and Mitchell et al. [37] studied the edge effect
contributions to the absorption and extinction effi-
ciencies of hexagonal ice crystals, respectively.
Furthermore, Mitchell et al. [38] have incorporated
the edge effects (or, photon tunneling, a term used
in their study) into a modified anomalous diffraction
approximation to compute the absorption and extinc-
tion coefficients of water and ice clouds. Because it is
quite difficult to obtain an analytical expression for
the edge effect contribution in the case of ellipsoids,
in this paper we develop an efficient numerical meth-
od to compute the edge effect contribution for the
scattering of light by randomly oriented ellipsoids.
For the absorption efficiency, we develop a semiem-
pirical method to incorporate so-called above- and
below-edge contributions, following Nussenzveig
and Wiscombe [39—41], who applied the complex
angular momentum (CAM) theory to the scattering
of light by spheres (or spherical well potentials in
quantum physics).

This paper is organized as follows: Section 2 is a
brief introduction to the DDA method. Section 3 pre-
sents the theory of the IGOM, which contains the de-
scription of geometry, the ray-tracing technique, and
the treatment of diffraction. The edge effect contribu-
tions to the extinction and absorption efficiencies are
discussed in Section 4. In Section 5, we present the
single-scattering properties of ellipsoids and com-
pare the theoretical simulations and measurements
of the phase matrices for feldspar aerosol particles.
Finally, the conclusions of this study are given in
Section 6.

2. DDA Method

DDA is one of several popular numerical methods for
computing the scattering properties of an arbitrarily
shaped particle with a small/moderate size para-
meter [42]. In DDA, an irregular particle is discre-
tized into an array of small volumes. Each small
volume is approximated as an electric dipole [43].
When an electromagnetic wave is incident on the
particle, each dipole oscillates in response to the in-
cident field and the induced field associated with all
other dipoles. Mathematically, the basic DDA
equation is in the form of

E%nc = ai_lﬁi - ZGUﬁJ’ (1)

J#

where E™ is the incident electric field, B; is the po-
larizaton of each dipole, «; is the polarizability, and
G;; is the discretized Green’s function. When a self-
consistent solution to the DDA equation is obtained,
it is straightforward to calculate the scattering prop-
erties of the particle on the basis of a volume-integral
electromagnetic relation that maps the near-field to
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the far-field [44]. The formulation of the DDA equa-
tion as derived from the basic volume integral equa-
tion can also be found in [45]. Various numerical
aspects of this method, such as iterative methods
and convergence analysis, have been recently re-
viewed by Yurkin and Hoekstra [46]. Note that the
DDA method has been extensively employed by other
researchers (e.g., [13,47]) to investigate the optical
properties of dust particles.

3. IGOM

The IGOM is a hybrid algorithm based on the prin-
ciples of geometric optics and electromagnetic wave
theory [30]. Specifically, this method employs the
ray-tracing technique to compute the near-field on
the scattering particle surface. The corresponding
far-field is obtained by mapping the near-field to
its counterpart in the radiation zone on the basis
of electromagetic wave theory. The basic formulation
of the IGOM can be found in Yang and Liou [30]. To
increase the computational efficiency of the IGOM,
the Monte Carlo method [48] is applied to the ray-
tracing technique and a simplified algorithm is used
to account for the ray-spreading effect associated
with mapping the near-field to the far-field.

A. Geometry

Figure 1 shows the geometry of an ellipsoid and the
configurations of two coordinate systems. The geo-
metry of an ellipsoid centered at the origin can be
completely described by its surface equation in the
Cartesian coordinate system oxyz as follows:

xZ y2 22

a—2+ﬁ+c—2:1, (2)

where a, b, and ¢ are principal radii (or semi axes)
along three orthogonal directions. When any two of
them, say a and b, are the same, the ellipsoid reduces
to a spheroid. The oxyz coordinate system is usually
called the particle coordinate system, distinguished
from the incident ray coordinate system ox'y’z’ used

<

Fig. 1. Geometry of a non-axially-symmetric ellipsoid in oxyz and
ox'y'z’ coordinate systems.
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for specifying the scattering angle and the scattering
plane. In this study, the direction of the incident ray
is along 0z’, and the directions of parallel and perpen-
dicular polarizations are specified along the x’ and y’
axes, respectively. The coordinate transformation
from ox'y'z’ to oxyz is given by

x sinf —cosf 0 1 0 0

y | =1]cosp sing O 0 cosf sind

z 0 0 1 0 —siné cosd

x' sinf —cosfcosf —sinfcosp x'
y' | =| cosp cosfOsinf sinfsinp vy 1, 3)
4 0 —sinf cosf 4

where 0 and § are two angles that specify the direc-
tion of the incident ray in the particle coordinate
system. In the incident ray coordinate system, the
surface equation of the ellipsoid is given by

Dz =-E + abC\/D - (Ax? +By? + Cxy'),  (4)
where

A = (a? - b?%)cos?0cos?f + b%cos?0 + c2sin?0),

B = a?sin?p + b%cos?p,

C = (a® - b?) sin(2p) cos 0,

D = ¢?sin%0(a?sin?p + b2cos?f) + a?b?cos?0,

E = (a? - b?)c? sin ff cos f sin Ox’

+ [a?(c? = b2) + c%(b? - a?)cos?f] sin O cos Oy’

The plus and minus signs in Eq. (4) describe the il-
luminated and nonilluminated sides, respectively.
The edge (or shadow boundary) that connects the il-

luminated and nonilluminated sides is determined
by the following equation:

Ax? + By”? + Cx'y' = D; z =-E/D. (5)
It can be shown that the interface of the illuminated
and nonilluminated sides is an ellipse, and its semi
axes are

~ D(1 - tan® w)
_ Bt o) 6
@ A-Btan’w’ (6)
D(1 - tan® w)

SN
I
—
3
S—

B-Atan?w’

where w is given by



1 C
w=5 arctanm . (8)

Note that the plane containing the ellipse is not
perpendicular to the direction of the incident light,
and o is zero for spheroids, i.e., when a is equal to
b. It can be proved that the projected area is

S = rab = nVD. (9)
Employing the following transformation:

x' = cos wX’ + sin wy’, (10)

y' = —sin wx’ + cos wy’, (11)

which means the rotation from o — x’y’ to 0o — Xy by an
angle w, we obtain a similar ellipse equation for the
projection of the particle onto the ox’y’ plane, given
by

.,E/Z 52

=t %—2 ~1. (12)
The preceding ellipsoid geometry description in both
the particle coordinate system and the incident coor-
dinate system is quite useful in the ray-tracing, dif-
fraction, and edge effect calculations. Similar results
can be found in [28], where the differences in formula
are due to different coordinate conventions and defi-
nitions of the Euler angles.

B. Ray Tracing

The basic principle of the IGOM is to calculate the
electromagnetic field on the surface of the ellipsoid
by using the ray-tracing technique, as illustrated
in Fig. 2. The corresponding far-field is obtained
by mapping the near-field to its counterpart in the
radiation (or, far-field) zone. The magnitude and
phase of each ray is calculated based on the localized-
plane-wave approximation by using the Fresnel for-
mulas. The directions of external reflection, internal
reflection, and refraction are determined by Snell’s
law. The first step for the ray-tracing calculation is
to initialize the incident rays and determine the
intersection points. The intersection points of the
incident rays with the particle are determined by
the Monte Carlo method in the incident coordinate
system as follows:

X' = a@+/Ecos wcos(2my) + b/Esinwsin(2zy), (13)

y' = —a+\/Esinw cos(2xy) + b\/Ecos wsin(2my), (14)

¢ = [-E - abe\/D - (Ax® + By? + Cx'y)|/D,  (15)

Transmitted Ray

Reflected Ray

Incident Ray

Fig. 2. Schematic geometry for the ray-tracing calculations
involving a triaxial ellipsoid.

where £ and y are two random numbers with a uni-
form probability distribution between 0 and 1. The
ray-tracing process is carried out in the particle sys-
tem, in which the incident point coordinates are ob-
tained by the coordinate transformation given by
Eq. (3). According to Snell’s law, the surface normal
direction 7 at the incident point (x1,y1,27) is needed
to determine the reflection and refraction directions.
Given the surface Eq. (2), we have

A= (u1/a%, y1/b% 21 /¢2) )\ [} fad + Y3 /b* + 23/t
(16)

Given the initial point (x1,y1,21) on the surface
and direction of the ray within the particle, the
ray-tracing process requires the next intersection
point (x9,¥9,22), which can be determined by

(x27y2a22) = (xlaybzl) +d(vl7l)27v3)7 (17)

~ 2x101/a? + 2y1v9/b% + 22105 /c?

d= ,
v?/a? + vZ/b% + v2/c?

(18)

where d is the length of the internal ray and
(v1,vg,v3) is the unit vector of its direction. Using
Eqgs. [16-18], Snell’s law, and the Fresnel formulas,
the ray-tracing calculation can be carried out until
the energy associated with the ray of interest is
effectively negligible (say, 10-5). The technical details
associated with the electromagnetic field computa-
tion in the ray-tracing technique can be found in
Yang and Liou [30].
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C. Diffraction

In addition to the contributions from the reflected
and refracted rays involved in the ray-tracing calcu-
lation, the diffraction of the incident wave also con-
tributes to the scattered energy. Using the surface
mapping technique, Yang and Liou [30] showed that
the amplitude scattering matrix for diffraction is
given as follows:

Ay — Els [(cos 0, + cos?9,) /2 0 7

27 0 (1+cosé,)/2

(19)

(20)

I, = / / exp(—ikr - £)d2¢,

where 6, is the scattering angle, s is the projected
area, k is the wave number, and 7 is a unit vector
pointing along the observational direction, as illu-
strated in Fig. 3. The explicit form of the integral
in Eq. (20) for an ellipse can be given in the form of

2J 1 (k sin 6,1/a2 cos? ¢ + b2 sin? )

I, = nab - —
ksin0,1/a? cos? ¢ + b2 sin2 ¢

(21)

where J; is the first-order Bessel function, and ¢ is
the azimuthal angle, which specifies the scatter-
ing plane.

4. Edge Effect

When a plane wave is incident on a scattering parti-
cle with a smooth surface whose radius of curvature
is much larger than the incident wavelength, the
transition or penumbra region between illuminated

h

Fig. 3. Diffraction of an ellipsoid with an elliptic projection. Semi
axes @ and b and rotation angle » are defined in Egs. (6)—(8).
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and nonilluminated sides of the particle leads to an
additional term. This term is known as the edge ef-
fect contribution to the scattering amplitude matrix
in the forward direction, which also contributes to
the extinction efficiency[35]. In principle, the IGOM
considers only the reflection, refraction, and diffrac-
tion of the incident light and neglects the nonzero
edge effect contribution. Note that by including the
edge effect contribution in the geometric optics
method, the extinction efficiency will converge to 2
asymptotically from above [33,35].

To quantitatively include the edge effect, Jones
[32] assumed that the neighborhood of a point on
the edge behaves locally like that associated with
a cylinder, and the edge effect contribution to the ex-
tinction efficiency of a convex particle for one certain
orientation can be given as follows:

Qe.edge :k2/3S/R 1/3 sinl/3 ( )ds7 (22)

where ¢( is a universal constant, R is the radius of
curvature of the “profile” of the edge, S is the pro-
jected area, a is the angle between the incident direc-
tion and the tangent of the edge, and ds is the arc
length of the edge. In Jones’ treatment, the particle
is perfectly conducting. The extinction efficiency de-
rived from Eq. (22) in the case of a sphere is

200

kR )

Qe edge —

200 =c¢rM +CTE = 01322, (24)

where £ is the wavenumber and R is the radius, and
crv and crg are two coefficients corresponding to the
TM and TE waves. Jones’ result [32] is exactly the
same as the first correction to the geometric-optics
result obtained by Rubinow and Wu [49] from Mie
theory. For a transparent sphere, Nussenzveig and
Wiscombe [39] find that the first term due to the edge
effect has the same form as Eq. (23), but with
co = 0.996193. Following Jones’ approach but with
cg replaced by 0.996193, Fournier and Evans [33] ex-
plicitly derived a general formula for @, cqg. for the
case of spheroids. For spheroids, it can be shown that
a = 0, i.e., the incident direction is always perpendi-
cular to the plane coinciding with the edge plane. For
triaxial ellipsoids, a is a function of the position on
the edge. It is difficult to obtain an analytical formula
for the edge effect in the case of triaxial ellipsoids be-
cause of the inherent mathematical complexity. How-
ever, we develop a numerical method to compute it
accurately, which is described in Appendix A. For
random orientations, the average of the edge effect
contribution to the extinction efficiency is given by

T2 [5 @, eage DV 2dudps

Qee e/ —
(et = o D2

(25)



where u = cos 8; 0 and S are the same angles as used
in Fig. 1. Because geometrical rays and the edge ef-
fect contribute independently to the amplitude scat-
tering matrix in the forward direction, the total
extinction efficiency is given by the sum of the IGOM
result and (@, eqge) as follows:

(Q.) = (Qe1coM) + (Qe,cdge) (26)

where @, 1com is calculated by the IGOM.

The edge effect contribution to the extinction effi-
ciency can also be understood as an additional “block-
ing” effect. In the framework of the interaction
between photons and a sphere, those photons with
impact parameters larger than the radius of the
sphere are able to penetrate the boundary. This pro-
cess is known as the above edge effect or “tunnelling”
effect, which is in principle a wave phenomenon.
When photons hit on the sphere within a fraction
(kR)~2/3 of the full radius from the edge, a particular
interference (anomalous reflection due to centrifugal
barrier) occurs [35]. This phenomenon is called the
below-edge effect. This anomalous neighborhood
where the edge effect plays a role is termed an “edge
strip”, and has been estimated [41] (WKB approxi-
mation) as follows:

2 \2/3
Ry<sr<Ry|l+4+c |5 (above edge),
kR,
(27)
2 \2/3
Ry|l-c_|— <r<R, (below edge), (28)
kR,

where R, is the radius of sphere, and c, and c_ are
positive numerical constants of order unity. It is
straightforward to calculate the additional extinction
efficiency due to the edge effect. Specifically, after the
higher order term is omitted, the edge contribution is
22/3(c, +c_)2/(kRy)?3, similar to Eq. (23).

Both the above-edge and below-edge effects contri-
bute to the absorption efficiency. Nussenzveig and
Wiscombe [39] showed that

Qa = Qa,GOM + Qaﬁa.a + Qa,b.e,a (29)

where @, ,. and @,;. are the so-called above-edge
and below-edge terms [39,40]. For nonspherical and
randomly oriented ellipsoids, the IGOM also under-
estimates the absorption efficiency. The reason is
that the above-edge and below-edge contributions
are neglected. Note that the below-edge contribution
is smaller than the above-edge effect. To incorporate
the above- and below-edge effects, we develop a semi-
empirical method. In this method, for each orienta-
tion of the ellipsoid, we expect the edge effect of
the ellipsoid is more or less the same as that of a
sphere, provided that they have the same “edge

strip” area. For a sphere, the “edge strip” area can
be computed as follows:

2\ 2/3
Agh = 2(c, +c_)aRy? (E) . (30)

For a general ellipsoid, the effective “edge strip” area
is

2/3
Aa=(e.+c) [RYP (%) s, (31)

where R is the radius of curvature of the profile of the
edge. Therefore, a sphere has the same “edge strip”
area as that of the ellipsoid for a certain orientation,
if the radius of the sphere is given by

fR1/3ds} 3/4. (32)

Ro:{ 27

The volume of the particle is another factor that in-
fluences the value of the absorption efficiency. If a
sphere of radius R is used for calculating the edge
effect contribution, the volume of the sphere should
be different from that of an ellipsoid. Therefore, we
introduce a correction factor as follows:

_ 1-exp(-kmr,)
~ 1-exp(-km;Ry)’

fe (33)

where r, is the effective radius and m; is the imagin-
ary part of the refractive index. For an ellipsoid, r, is
given as follows:

2abc
re = ,
© a?+ba2/Ve? —a?F(Q,q) + bVe? - a?E(Q,q)
(34)
where
_c,fr-a Q = arcsin|y/1-a?/c?|. (35)
=% c2 -a? N .

In Eq. (34), F[Q,q] and E[Q, q] are incomplete ellipti-
cal functions [50], given by

F[Q,q] —/Q i
2l = 2ain2s

OQ\/l g“sin“t (36)
E[Q,q] :/0 \/1 - ¢%sin?tdt.

It is evident from the preceding discussions that the
absorption efficiency with corrected terms can be
expressed as follows:
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(;[/2<Qa.a.e. [RO(ﬂ>ﬁ)>k>m] + Qa,b.e.[RO(ﬂ7ﬁ)»k7m])fcRgdﬂdﬁ.

(37)

1
Qa(a7bac7k7m) = Qa,IGOM(aab7c7kam) + fO

Ji J5” Dy

It should be pointed out that we assumed a < b < ¢
in Eq. (34); otherwise, we need to reorder a, b, and ¢
so that the Eq. (34) is correctly used. In this study we
use the computer code developed by Nussenzveig and
Wiscombe [39] to compute Q4. (Ro k,m)
and Qa.bAeA(R07 k7 m) ’

5. Results and Discussions

A. Integrated Scattering Properties

Figure 4(a) shows the extinction efficiency, absorp-
tion efficiency, single-scattering albedo, and asym-
metry factor of randomly oriented ellipsoids at
0.66 ym wavelength. The refractive index is 1.53 +
10.008 based on Levoni et al. [51]. The axis ratios
are assumed to be a:b:c=0.53:0.71:1. The size
parameter is defined in terms of the radius of equiva-
lent volume spheres. The ADDA code is employed for
size parameters ranging from 0.5 to 30. The IGOM
code with the inclusion of the edge effect is applied
to a size parameter region from 15 to 1000. Agree-
ment is shown for size parameters between 15 and
30, which means that the IGOM is successfully ex-
tended to the small size parameter region (~15) by

g
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adding the missing physics (i.e., the edge effect con-
tributions). Additionally, the absorption efficiency for
size parameters from the Rayleigh to geometric-
optics regimes can also be effectively computed in
the context of a combination of the DDA method,
IGOM, and edge effect contributions. Figure 4(b) is
similar to Fig. 4(a), except that the aspect ratios
for Fig. 4(b) are 0.30:0.70:1.0. Again, a smooth tran-
sition from the DDA solutions to the IGOM results is
noticed.

Figure 5 shows the integrated single-scattering
properties at 12.0 um wavelength for two aspect ra-
tios. The refractive index at this wavelength is
1.5502 +i0.0916, which means that ellipsoids are
quite absorptive. Similar to the cases shown in Fig. 4,
the results from the DDA converge to those from the
IGOM but more smoothly. The results from the
IGOM are more accurate in those cases having
stronger absorption.

Note that we did not consider the edge effect
contribution in the asymmetry factor computation,
but the asymmetry factor calculated from the DDA
also converges to that from the IGOM. This is due
to the fact that diffraction dominates the scattered
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Integrated single-scattering properties (extinction efficiency, absorption efficiency, single-scattering albedo, and asymmetry

factor) of randomly oriented ellipsoids. The wavelength is 0.66 ym, the complex refractive index is 1.53 + 0.008;, and the aspect ratios
are a:b:c=0.53:0.71:1.00 and a:b:c = 0.30:0.70:1.00 for left and right panels, respectively.
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intensity pattern. The edge effect correction to the
phase function should slightly influence the asym-
metry factor.

B. Phase Matrix

In this section we compare the nonzero phase matrix
elements computed by the DDA method and the
IGOM. We consider two wavelengths corresponding
to weak and strong absorption and two axis ratios
(0.53:0.71:1and 0.30:0.70:1.0). The size parameter
is defined in terms of a volume-equivalent sphere
and is assumed to be 30 for all the cases.

In Fig. 6, the wavelength we considered is 0.66 ym,
and the axis ratios are 0.53:0.71:1 and
0.30:0.70:1.0 for the left and right panels, respec-
tively. The excellent agreement between the phase
functions (P;;) from the two methods is found. For
other phase matrix elements, differences are notice-
able. Figures 6(a) and 6(b) are quite different for each
nonzero element. This means that the phase matrix
elements are sensitive to the axis ratios of ellipsoids.
For the P;; element, the phase function in (b) is quite
featureless, whereas the phase function in (a) has
some features.

Figure 7 shows nonzero phase matrix elements at
12 um wavelength. The axis ratios are also assumed
to be 0.53:0.71:1 and 0.30:0.70:1.0 for the left and
right panels, respectively. In Fig. 7, the agreement of
the phase function (P;;) from the two methods is also
observed. The differences for other elements are still
noticeable; however, the IGOM results turn out to be
better for the case with strong absorption. The fact
that the accuracy of the IGOM is related to the ab-

sorption has also been reported in a previous study
[11]. The curves for Py from the DDA method and
IGOM agree with each other when 0 is larger than
90°. In comparison with weak absorption cases,
the phase matrix elements for 12um are quite
smooth without pronounced oscillations. Unlike
Fig. 6, Figs. 7(a) and 7(b) are quite similar. The rea-
son is that, in the strong absorption case, external
reflection and diffraction dominate the scattering
process, and internal reflection and refraction are
quite weak. Therefore, the single-scattering quanti-
ties are not sensitive to the axis ratios, especially,
under random orientation conditions.

C. Comparison Between Simulation and Measurement

To examine the applicability of an ellipsoidal model
to realistic dust particle bulk scattering property si-
mulation, we compare the simulated phase function
with that from laboratory measurement for feldspar
aerosol particles. The full scattering phase matrix
was measured by Volten et al. [5] at wavelengths
0.442 and 0.633 um. We choose the 0.633 yum case
for the comparison of the simulations of the phase
matrix elements against their experimental counter-
parts. The measured data of the bulk phase matrix
elements are for a scattering angle 5°-173°, and
the phase function (i.e., P;;) is normalized to 1 at
30°. Measurements near forward and backward scat-
tering were not carried out due to technical difficul-
ties. The size distributions of feldspar samples
were provided by Volten et al. [5] along with the ef-
fective radii. The effective variance was assumed to
be 1.0. Nousiainen and Vermeulen [52] employed a
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where R is the mean radius and ¢ is the geometric
standard deviation, which is specified by fitting
the formula to the measured size distribution. With
R =0.167ym and ¢ = 2.32 in Eq. (38), the effective
radius and variance for the fitted size distribution
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are 0.98ym and 1.02,
[0.08,100] ym.

The measured phase matrix of feldspar particles
was compared with a theoretical simulation based
on spheroidal shapes [52]. It demonstrates that using
spheroids was far superior to using spheres for ap-
proximating nonspherical feldspar particle shapes
in scattering computation. Ellipsoids have one more
degree of freedom and lower symmetry than spher-
oids. Thus, it is expected that ellipsoids offer a better
approximation of realistic irregular particles. To test
this speculation, we first compute the bulk scattering
properties of spheroids from a combination of the
T-matrix simulations [19] and the present IGOM
for the lognormal size distribution in Eq. (38). To
match the experimental data, four sets of aspect ra-
tios (0.4583:1, 0.6481:1, 0.5477:1, and 0.4472:1)
are assumed for spheroids in the bulk scatter-
ing phase matrix computation via the following
formula:

respectively, when r €

200
= = = Spheres
—— Spheroids
Ellipsoids
10
o Measurements
a1 A=0.6328 pm
m=1.50+i0.001
0.1
0.01
0 45 90 135 180

45
Scattering Angle(°)

90 135 180
Fig. 8.

spherical, spheroidal, and ellipsoidal models.

Xk Wi [ PE(r) ok (rn(r)dr
Yt Wy [eta(n(rdr

where Pf. is the normalized P;; element for the kth
axis ratio, o* is the corresponding scattering cross
section, and W, is the corresponding weight. The
best agreement between the theoretical and experi-
mental results is achieved when the weights for the
four aspect ratios are 0.4444, 0.0525, 0.1676,
and 0.3357.

Furthermore, we define volume-equivalent ellip-
soids, and define the ¢ axis of an ellipsoid to be
the same as that of its volume-equivalent spheroid.
However, the lengths of the other two axes of the el-
lipsoid are different, so a triaxial ellipsoid is formed.
We select four sets of aspect ratios, which are given
by a:b:¢=0.3:0.7:1 06:0.7:1, 05:0.6:1, and
0.4:0.5:1. The best agreement between the mea-
surements and theoretical simulations is observed
when the weights are selected as 0.3168, 0.0683,

(Py) (39)
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(Color online) Comparison of the bulk phase function from laboratory measurement [5] with the present simulations based on
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0.1730, and 0.4420 for aspect ratios a:b.c=
0.3:0.7:1, 0.6:0.7:1, 0.5:0.6:1, and 0.4:0.5:1, re-
spectively. Figure 8 shows the comparison between
the measured phase matrix and the theoretical
simulations based on spherical, spheroidal, and ellip-
soidal shapes. The simulated P;; values are normal-
ized to 1 at scattering angle 6, = 30°. It is evident
that the phase matrix elements simulated on the ba-
sis of the ellipsoid model (red lines) agree better with
the measured data than those based on the spheroid
model (blue lines), whereas the sphere model
(dashed black lines) leads to much larger discrepan-
cies, particularly, in backward directions (>90°). The
phase functions (P;;) simulated from the spheroid
and ellipsoid models are quite similar. However, in
terms of agreement with the measurements, the el-
lipsoid model is more accurate than the spheroid
model for simulating the other phase matrix ele-
ments associated with polarization, particularly,
in the cases of —Pj;5/P11, Pss/P11, Ps33/P11, and
P, /P, for scattering angles larger than 90°.

Note that we used only four aspect ratios for spher-
oids and ellipsoids. This case study demonstrates
that the ellipsoid model is better than the spheroid
model for simulating the polarization characteristics
of nonspherical feldspar particles. Selecting an
optimized shape (i.e., aspect ratio) distribution of
ellipsoids in the optical property computation for rea-
listic dust particles deserves further investigation.

6. Conclusions

We studied the scattering properties of randomly or-
iented triaxial ellipsoids with size parameters from
the Rayleigh to geometric-optics regimes. The DDA
is applied to compute small particle scattering prop-
erties. For moderate and large particles, we employ
the IGOM, which is an approximate method based on
the ray-tracing technique. To the best of our knowl-
edge, it is the first time that the edge effect contribu-
tions to both the extinction and absorption
efficiencies for ellipsoids have been studied. The pre-
sent results show that the integrated scattering
properties, such as the extinction efficiency, absorp-
tion efficiency, and asymmetry factor, from the DDA
method smoothly transition to those simulated from
the IGOM when the size parameter increases from
the Rayleigh regime to the geometric-optics regime.
The phase matrix elements from both methods re-
semble each other when size parameters are larger
than 30. Therefore, a complete set of ellipsoidal par-
ticle optical properties can be efficiently calculated
by combining the DDA method and the IGOM,
although the phase matrix from the IGOM for mod-
erate size particles is still in need of improvement. It
should be pointed out that we can also employ the
FDTD, PSTD, and T-matrix methods for small
particles.

In previous studies, spheroid geometry is usually
used as a simple geometry to model the scattering
and radiative properties of rounded aerosol particles.
The advantage of ellipsoid geometry is its lower de-
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gree of symmetry. In this study, the applicability of
ellipsoidal shape approximations has been validated
by comparison with theoretical and experimental re-
sults for the bulk scattering matrix associated with
feldspar aerosol particles. It is shown that the
ellipsoid model is better than the spheroid model
for simulating dust particle optical properties, parti-
cularly, their polarization characteristics, realisti-
cally. Since the single-scattering properties of
ellipsoids can be efficiently computed, the ellipsoidal
shape, as a simplified theoretical model for nonsphe-
rical particles, can be useful for modeling the scatter-
ing properties of irregular dustlike particles in the
atmosphere.

Appendix A: Radius of Curvature in Eq. (22)

The equation of the curve of the particle boundary
can be expressed in the incident coordinate system
in terms of the parameter y(02x) as follows:

x'(y) =acoswcosy +bsinwsiny, (A1)
y'(y) = —asinwcosy + bcoswsiny, (A2)
Z'(x) = -E(x)/D. (A3)

Since the arc length ds is a scalar that should be the
same in different Cartesian coordinate systems, we
can write

ds = \/ a’sin?y + b2cos?ydy. (A4)
At each point p on the edge, the “profile” defined by
van de Hulst [35] is a curve through p that has its
local tangent vector along the incident direction.
With the common tangent vector of the “profile”,
there are many curves on the ellipsoidal surface
whose radii of curvature are different but have the
same normal radius. Consider another incident
light that propagates along the tangent vector of
the edge (different from the tangent vector along
the incident direction). In this case, we can define
an imaginary boundary curve similar to that
described in Subsection 3.A. The radius of normal
curvature of the imaginary boundary can be calcu-
lated, which is the same as the radius of curvature
of the “profile”. For convenience, let the new imagin-
ary incident coordinate system be ox3yz. The equa-
tion of the imaginary curve can be parameterized
with respect to its y component as follows:

) = [£3).5.20)].

According to the theory of differential geometry, the
radius of curvature at the point P is given by

(A5)



32 |d7 d2F

dy " dy?

d7

= ]d—y , (A6)

where the first and second derivatives are expressed
as

dr(F)/dy = (dx(¥)/dy,1,d2(5)/dy), (A7)

d27(3)/dy? = (d%%(3)/d5%,0,d%2(5)/d52),  (AS8)
with

dx(y)/dy = -[xC + 2By]/[yC + 2A%], (A9)

dz(y)/dy = [(a® — b2)c? sin f cos fsin Odx(y)/dy
(A10)

+ [a2(c® - b2) + c2(b% - a?) cos? f] sin O cos 6] /D.
(A11)

The relation between A, B, C, D and 6,  are the same
as in Section 1. To obtain the normal radius of cur-
vature, we first define the unit curvature vector 7,
which is

Q>
I
=0
X
>

(A12)

a=dr(y)/dy/|d7(7) /5, (A13)

7 = [dF(3)/dy x A7 () /dy?]/|dr () /dy x d2F(5)/d52].
(A14)

Finally, according to Meusnier’s theorem, the radius
of normal curvature is

R =Ry /|z-il, (A15)
where 7 is the normal direction vector at the tangent
point P. Once we know R, Q.qqe can be calculated

by using a numerical integration technique (e.g.,
Gaussian quadrature).
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